The roles of nuclear deformation and neutron transfer in sub-barrier capture process are studied within the quantum diffusion approach. The change of the deformations of colliding nuclei with neutron exchange can crucially influence the sub-barrier fusion. The comparison of the calculated capture cross section and the measured fusion cross section in various reactions at extreme subbarrier energies gives us information about the fusion and quasifission.
I. INTRODUCTION
The nuclear deformation and neutron-transfer process have been identified as playing a major role in the magnitude of the sub-barrier capture and fusion cross sections [1] . There are a several experimental evidences which confirm the importance of nuclear deformation on the capture and fusion. The influence of nuclear deformation is straightforward. If the target nucleus is prolate in the ground state, the Coulomb field on its tips is lower than on its sides, that then increases the capture or fusion probability at energies below the barrier corresponding to the spherical nuclei. The role of neutron transfer reactions is less clear. A correlation between the overall transfer strength and fusion enhancement was firstly noticed in Ref. [2] . The importance of neutron transfer with positive Q-values on nuclear fusion (capture) originates from the fact that neutrons are insensitive to the Coulomb barrier and therefore they can start being transferred at larger separations before the projectile is captured by target-nucleus [3] . Therefore, it is generally thought that the sub-barrier fusion cross section will increase [4] [5] [6] [7] [8] because of the neutron transfer. As suggested in Ref. [9] , the enhancements in fusion yields may be due to the transfer of a neutron pair with a positive Q-value. However, as shown recently in Ref. [10] , the two-neutron transfer channel with large positive Q-value weakly influences the fusion (capture) cross section in the 60 Ni + 100 Mo reaction at sub-barrier energies. So, from the present data an unambiguous signature of the role of neutron transfer channel could not be inferred.
The experiments with various medium-light and heavy systems have shown that the experimental slopes of the complete fusion excitation function keep increasing at low sub-barrier energies and may become much larger than the predictions of standard coupled-channel calculations. This was identified as the fusion hindrance [11] . More experimental and theoretical studies of sub-barrier fusion hindrance are needed to improve our understanding of its physical reason, which may be especially important in astrophysical fusion reactions [12] .
It is worth remembering that the first evidences of hindrance for compound nucleus formation in the reactions with massive nuclei (Z 1 × Z 2 > 1600) at energies near the Coulomb barrier were observed at GSI already long time ago [13] . The theoretical investigations showed that the probability of complete fusion depends on the competition between the complete fusion and quasifission after the capture stage [14] [15] [16] . As known, this competition can strongly reduce the value of the fusion cross section and, respectively, the value of the evaporation residue cross section in the reactions producing superheavy nuclei. Although the quasifission was originally ascribed to the reactions with massive nuclei, it is the general phenomenon which is related to the binary decay of nuclear system after the capture, but before the compound nucleus formation which could exist at angular momenta treated. The mass and angular distributions of the quasifission products depend on the entrance channel and bombarding energy [14] . Because the capture cross section is the sum of the fusion and quasifission cross sections, from the comparison of calculated capture cross sections and measured fusion cross sections one can extract the hindrance factor and show a role of the quasifission channel in the reactions with various medium-mass and heavy nuclei at extreme sub-barrier energies. In the present paper the quantum diffusion approach [17, 18] is applied to study the fusion hindrance and the roles of nuclear deformation and neutron transfer in sub-barrier capture process. With this approach many heavy-ion capture reactions at energies above and well below the Coulomb barrier have been successfully described [17] [18] [19] . Since the details of our theoretical treatment were already published in Refs. [17, 18] , the model will be shortly described in Sec. II. The calculated results will be presented in Sec. III.
II. MODEL
In the quantum diffusion approach the collisions of nuclei are treated in terms of a single collective variable: the relative distance between the colliding nuclei. The nuclear deformation effects are taken into consider-ation through the dependence of the nucleus-nucleus potential on the deformations and orientations of colliding nuclei. Our approach takes into consideration the fluctuation and dissipation effects in collisions of heavy ions which model the coupling with various channels. We have to mention that many quantum-mechanical and nonMarkovian effects accompanying the passage through the potential barrier are taken into consideration in our formalism [17, 20, 21] . The details of used formalism are presented in our previous articles [17, 18] . All parameters of the model are set as in Ref. [17] . All calculated results are obtained with the same set of parameters and are rather insensitive to the reasonable variation of them [17, 18] . The heights of the calculated Coulomb barriers V b = V (R b ) (R b is the position of the Coulomb barrier) are adjusted to the experimental data for the fusion or capture cross sections. To calculate the nucleus-nucleus interaction potential V (R), we use the procedure presented in Refs. [17, 18] . For the nuclear part of the nucleus-nucleus potential, the double-folding formalism with the Skyrme-type density-dependent effective nucleon-nucleon interaction is used.
To analyze the experimental date on fusion cross section, it is useful to use the so called universal fusion function (UFF) F 0 [22] . The advantages of UFF appear clearly when one wants to compare fusion cross sections for systems with quite different Coulomb barrier heights and positions. In the reactions where the capture and fusion cross sections coincide, the comparison of experimental cross sections with the UFF allows us to make conclusions about the role of deformation of colliding nuclei and the nucleon transfer between interacting nuclei in the capture cross section because the UFF (the consequence of the Wong's formula) does not contain these effects. In Ref. [22] a reduction procedure was proposed to eliminate the influence of the nucleus-nucleus potential on the fusion cross section. It consists of the following transformations:
The frequency ω = V ′′ (R b )/µ is related with the second derivative V ′′ (R b ) of the total nucleus-nucleus potential V (R) (the Coulomb + nuclear parts) at the barrier radius R b and the reduced mass parameter µ. With these replacements one can compare the experimental data for different reactions. After these transformations, the reduced calculated fusion cross section takes the simple form
To take into consideration the deviation of the real potential from the inverted oscillator, we modify the reduction procedure as follows: In this case
where S(E c.m. ) is the classical action. At energies above the Coulomb barrier, we have S = π(V b − E c.m. )/ω.
III. RESULTS OF CALCULATIONS
A. Effect of quadrupole deformation
In Fig. 1 (upper part), one can see the comparisons of dependencies F and F 0 on S/( π) for some reactions considered in present paper. As expected, at sub-barrier energies the deviation from the UFF is larger in the case of reactions with strongly deformed target-nuclei and large factor [23, 24, 26, 27] showing that the quadrupole deformations of the interacting nuclei are the main reasons for the enhancement of the capture cross section at sub- barrier energies. The quadrupole deformation parameters β 2 are taken from Ref. [31] for the deformed eveneven nuclei. In Ref.
[31] the quadropole deformation parameters β 2 for the first excited 2 + states of nuclei are given. For the nuclei deformed in the ground state, the β 2 in 2 + state is similar to the β 2 in the ground state and we use β 2 from Ref. [31] in the calculations. For double magic nuclei, in the ground state we take β 2 = 0. In Ref. [32] the experimentally observed enhancement of sub-barrier fusion for the reactions 16 O, 48 Ca+ 154 Sm, and 74 Ge+ 74 Ge was explained by the nucleon transfer and neck formation effects. However, in the present article we demonstrate that a good agreement with the experimental data at sub-barrier energies could be reached taking only the quadrupole deformations of interacting nuclei into consideration.
We should mention, that for the sub-barrier energies the results of calculations are very sensitive to the quadrupole deformation parameters β 2 of the interacting nuclei. Since there are uncertainties in the definition of the values of β 2 in the light-and the mediummass nuclei, one can extract the quadrupole deformation parameters of these nuclei from the comparison of the calculated capture cross sections with the experimental data. The best case is when the projectile or target is 
B. Effect of neutron transfer
Several experiments were performed to understand the effect of neutron transfer in the fusion (capture) reactions. The choice of the projectile-target combination is crucial, and for the systems studied one can make unambiguous statements regarding the neutron transfer process with a positive Q-value when the interacting nuclei are double magic or semi-magic spherical nuclei. In this case one can disregard the strong nuclear deformation effects. The good examples are the reactions with the spherical nuclei:
40 Ca + 208 Pb (Q 2n =5.7 MeV) and 40 Ca + 96 Zr (Q 2n =5.5 MeV). In Fig. 1 (lower part) , one can see that the reduced capture cross sections in these reactions strongly deviate from the UFF in contrast to those in the reactions 48 each other [43] , i.e. after a capture. Thus, the proton transfer can be disregarded in the calculations of capture cross sections. Following the hypothesis of Ref. [9] , we assume that the sub-barrier capture mainly depends on the two-neutron transfer with the positive and relatively large Q-value. Our assumption is that, before the projectile is captured by target-nucleus (before the crossing of the Coulomb barrier) which is the slow process, the two-neutron transfer occurs at larger separations that can lead to the population of the first 2 + state in the recipient nucleus [44] . Since after two-neutron transfer the mass numbers, the deformation parameters of interacting nuclei, and, respectively, the height and shape of the Coulomb barrier are changed, one can expect the enhancement or suppression of the capture. For example, after the neutron transfer in the reaction 40 94 Zr(β 2 = 0.09)) the deformation of the nuclei increases and the mass asymmetry of the system decreases and thus the value of the Coulomb barrier decreases and the capture cross section becomes larger (Fig. 10) . We observe the same behavior in the reactions 64 Ni + 132 Sn (Fig. 7) , 58 Ni+ 64 Ni, 74 Ge (Fig. 9) (Fig. 13) . One can see a good agreement between the calculated results and the experimental data. For some reactions at energies above the Coulomb barrier, the small deviation between the calculated results and experimental data probably arises from the fact that the fusion-fission channel was not taken into consideration in the experimental capture cross sections. So, our results show that the observed capture enhancement at sub-barrier energies for the reactions mentioned above is related to the two-neutron transfer channel. For these reactions there is a large deflection from the UFF (see lower part of Fig. 1 [44] . In the calculations, for such excited recipient nuclei we use the experimental deformation parameters β 2 related to the first 2 + states from the table of Ref. [31] . We assume that after two neutron transfer the residues of donor nuclei remain in the ground state with corresponding quadrupole deformation.
One can find the reactions with large positive twoneutron transfer Q-values where the transfer weakly influences or even suppresses the capture process. This happens if after transfer the deformations of nuclei almost do not change or even decrease. (Figs. 8 and 11 ). There is the experimental indication of such effect for the 60 Ni + 100 Mo reaction [10] . The weak influence of neutron transfer on the capture process is also found in the reactions 32 In Fig. 17 , the capture cross sections for the reactions 58,64 Ni + 207 Pb are predicted. As seen, there is considerable difference between the capture cross sections in these two reactions because of the existence of the twoneutron transfer channel (Q 2n =5.6 MeV) in the reaction Pb. Thus, the study of these reactions could be a good test for the conclusion about the effect of neutron transfer. It will be interesting to compare the role of the neutron transfer channel in the reactions with spherical nuclei mentioned above (Fig. 10) and with deformed targets, 40 Ca + 154 Sm, 238 U (Fig. 18 ). Due to a change of the regime of interaction (the turning-off of the nuclear forces and friction) at subbarrier energies [17] [18] [19] , the curve related to the capture cross section as a function of bombarding energy has smaller slope (see Figs. 2-8,10,11,13-16 ). This effect is more visible in the capture of spherical nuclei without the neutron transfer. However, the present experimental data at strongly sub-barrier energies are rather poor.
IV. ORIGIN OF FUSION HINDRANCE IN REACTIONS WITH MEDIUM-MASS NUCLEI AT DEEP SUB-BARRIER ENERGIES
Since the sum of the fusion cross section σ f us and the quasifission cross section σ qf gives the capture cross section [17] . Assuming that the estimated capture and the measured fusion cross sections are correct, the small fusion cross section at energies well below the Coulomb barrier may indicate that other reaction channel is preferable and the system goes to this channel after the capture. The observed hindrance factor may be understood in term of quasifission whose cross section should be added to the σ f us to obtain a meaningful comparison with the calculated capture cross section. At deep sub-barrier energies, the quasifission event corresponds to the formation of a nuclear-molecular state or dinuclear system with small excitation energy that separates (in the competition with the compound nucleus formation process) by the quantum tunneling through the Coulomb barrier in a binary event with mass and charge close to the entrance channel. In this sense the quasifission is the general phenomenon which takes place in the reactions with the massive [13] [14] [15] [16] , medium-mass and, probably, light nuclei. For the medium-mass and light nuclei, this reaction channel is expected to be at deep sub-barrier energies and has to be studied in the future experiments: from the measurement of the mass (charge) distribution in the collisions with total momentum transfer one can show the distinct components due to the quasifission. Because these energies the angular momentum J < 10, the angular distribution would have small anisotropy. The low-energy experimental data would probably provide straight information since the high-energy data may be shaded by competing nucleon transfer processes. Note that the binary decay events were already observed experimentally in Ref. [59] for the 58 Ni + 124 Sn reaction at energies below the Coulomb barrier but assumed to be related to deep-inelastic scattering. At energies above the Coulomb barrier the hindrance to fusion was revealed in Ref. [60] for the reactions 58 Ni + 124 Sn and 16 O + 208 Pb.
V. SUMMARY
The quantum diffusion approach was applied to study the capture process in the reactions with deformed and spherical nuclei at sub-barrier energies. The avail-able experimental data at energies above and below the Coulomb barrier are well described. As shown, the experimentally observed sub-barrier fusion enhancement is mainly related to the quadrupole deformation of the colliding nuclei and neutron transfer with large positive Q-value. The change of the magnitude of the capture cross section after the neutron transfer occurs due to the change of the deformations of nuclei. When after the neutron transfer the deformations of nuclei do not change or slightly decrease, the neutron transfer weakly influences or even suppresses the capture process. It would be interesting to study such-type of reactions.
The importance of quasifission near the entrance channel was noticed for the reactions with medium-mass nuclei at extreme sub-barrier energies. The quasifission can explain the difference between the capture and fusion cross sections. One can try to check experimentally these predictions.
